The extraordinary transport properties of Dirac materials arise from the spinor nature of their electronic wavefunctions and from the linear dispersion around Dirac and Weyl points. In twodimensions, Klein tunnelling, weak antilocalisation, unconventional Landau levels or bulk pseudoconfinement appear as some of their most remarkable features 1,2 . Standard Dirac cones, like those present in graphene and other two-dimensional materials, have rotational symmetry about the Dirac quasi-momentum. Their topological properties make them particularly robust to deformations of the lattice: Dirac cones always appear in pairs, each of them characterised by a topological charge 3 , and in the presence of time-reversal and inversion symmetry, they can only be annihilated via their merging with a Dirac point of opposite charge [4] [5] [6] [7] [8] [9] . Dirac cones can be classified according to the geometry of their Fermi surface. The cylindrically symmetric Dirac cones described above belong to the family of type-I Dirac cones. They are characterised by a closed Fermi surface eventually becoming a single point at the band crossing, where the density of states vanishes (Fig. 1a) . However, they are not the only kind of linear band crossings that can be found in Dirac materials. The general Hamiltonian describing a Dirac cone in two dimensions can be expressed as 10 , where , is the wave vector measured from the Dirac point; , , and represent effective velocities; is the 2 2 identity matrix and , , ⋅ , where , are suitably chosen orthogonal unit vectors and , , is the vector of Pauli matrices. The eigenenergies of this Hamiltonian form two bands:
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If both coefficients and are equal to zero we obtain the energy spectrum of a type-I Dirac cone with Fermi velocities and . If any of the , coefficients is non zero, then the Dirac cone is tilted ( Fig. 1(b) ). In two dimensional materials, this kind of tilted Dirac dispersion has been predicted to appear in quinoid-type 10 and hydrogenated graphene 11 , and it has been indirectly evidenced in the organic semiconductor 10, 12, 13 α-(BEDT-TTF)2I3. The interest of materials presenting this dispersion resides in its non-isotropic transport properties, which can be used for valley filtering in p−n junc8ons 14 or for the generation of photocurrent 15 .
When the tilt parameter ≡ ⁄ ⁄ is larger than 1, a type-II Dirac point 10, 16 is formed (Fig. 1d) . Its Fermi surface is no longer a point but two crossing lines, and the density of states at the energy of the Dirac point becomes finite 16 . They have been recently observed in the form of Fermi arcs in three-dimensional semimetals [17] [18] [19] . A particularly interesting situation takes place at the transition between type-I and type-II Dirac cones, that is, when the tilt parameter 1. In this case, the cone is critically tilted, with a flat band along one direction (Fig. 1c) . Because of its distinct Fermi surface, a single line, and its diverging density of states, this kind of dispersion has been labelled type-III Dirac cone 20, 21 . While most of their electric and magnetic properties are still to be unveiled, they have been predicted to greatly enhance the superconducting gap in Weyl semimetals 22 , and provide a new platform for the study of correlated phases with a flat band 23 .
Type-III Dirac points have not been yet reported experimentally, and tilted type-I and type-II have been challenging to synthetize 13, 17, 19 because they require materials whose constituent atoms are arranged in lattices with intricate electron hoppings 10, 12, 16 . Existing proposals rely on the engineering of nextnearest neighbours tunnelling, difficult to find in natural materials and to implement in electronic metamaterials. Artificial photonic lattices represent an opportunity to explore the physics of unconventional Dirac points thanks to the at-will control of onsite energies and hoppings 24 . Current schemes are based on the design of long distant coupling of photons in lattices of resonators 25, 26 ; evidence of type-II Weyl points has been recently reported in microwave metamaterials 27, 28 and via conical diffraction in laser written waveguides with elaborate couplings 29 .
In this article we propose and demonstrate experimentally a new method to implement tilted and semi-Dirac cones for photons, and provide the first experimental observation of type-III Dirac cones. We employ # , # orbital bands in a honeycomb lattice of polariton micropillars, which arise from the nearest-neighbour hopping of photons confined in the first excited modes of each resonator of the lattice 30, 31 . In this analogue system, the band structure is directly accessible in photoluminescence experiments. The orbital bands with symmetric hoppings contain a flat band that touches a parabolic band. When asymmetry in the hopping is introduced, which simulates uniaxial strain in solid-state graphene, the flat-parabolic band touching evolves into tilted and type-III Dirac cones. The richness of this multi-band system allows, in addition, the observation of semi-Dirac cones which combine massless and massive dispersions. By analysing their topological charge, i.e. the winding of the Hamiltonian around each Dirac point, we show that the semi-Dirac, tilted and type-III Dirac cones emerge as a consequence of topological Lifshitz transitions induced by strain in the orbital bands. The present realisation shows the potential of orbital bands to engineer the properties of Dirac matter.
Photonic orbital lattice
The photonic platform we employ is a honeycomb lattice of coupled micropillars. The lattice is etched from a semiconductor planar microcavity made out of two AlGaAs Bragg mirrors that confine photons in the vertical direction, and twelve GaAs quantum wells embedded in the spacer between the mirrors (see Sec. I of Supplementary Information). At 10 K, the temperature of our experiments, the confined photons and the quantum well excitons are in the strong coupling regime and form polaritons, lightmatter hybrid quasi-particles. Each micropillar, with a diameter of 2.75 µm presents an additional lateral confinement due to the index of refraction contrast between the semiconductor and air (Fig. 2a) . The photonic spectrum of an individual micropillar is thus discrete with the lowest energy smode being cylindrically symmetric, and the first excited modes formed by two degenerate # , # orbitals with lobes oriented 90º from each other (Fig. 2b) 
31
. In the honeycomb lattice, the micropillars overlap (centre-to-centre distance $ 2.4 µm) enabling the hopping of photons between adjacent sites (Fig. 2d) .
The coupling of s-modes results in two bands with a spectrum and eigenmodes very similar to those of electrons in graphene, shown in the low energy part of Fig. 2e and studied in previous works 30, 32 .
Here we concentrate on the orbital bands which arise from the coupling of p-modes (high-energy set of bands in Fig. 2e ). Orbitals oriented along the link between adjacent pillars (# in the example of Fig. 2c ) present a coupling ' ( much stronger than ' ) , the coupling of orbitals oriented perpendicular to the link (# in Fig. 2c ). Figure 3a shows the angle resolved photoluminescence of the p-bands when exciting the lattice at its centre with a non-resonant continuous wave laser at 745 nm, focused on a 3 µm diameter spot. The power of the laser is 6 mW, well below the threshold for any nonlinear effect. The laser creates electrons and holes in the quantum wells that relax down through phonon scattering to form polaritons distributed over the different bands of the lattice. When polaritons recombine via the escape of a photon out of the microcavity, photons are emitted with an in-plane momentum and a frequency that correspond to those of the original polaritons within the lattice of resonators. An angle and energy resolved measurement employing an imaging spectrometer coupled to a CCD allows reconstructing the dispersion relation (see Supplementary Information). To avoid destructive interference effects along high symmetric crystallographic directions, characteristic of bi-partite lattices 33 , we record the emission as a function of * for * 4+/3$, passing through the ., Γ, .′ points in the second Brillouin zone (dashed line in Fig. 3e ). Four bands are observed: the lowest one is flat, while the two central bands present two type-I Dirac points at K and K' and touch the flat band at the Γ point 30 . This is in good agreement with a nearest-neighbour tight-binding calculation 34 assuming ' ) 0 (white solid lines, see Supplementary Information). In the experiments, the uppermost band deviates from a flat band due to the coupling to higher energy bands (arising from photonic d-orbitals in the micropillars). 
Tilted and semi-Dirac cones
The dispersion of the p-bands can be modified by introducing an artificial uniaxial strain in the lattice. To do so, we change the centre-to-centre distance $′ between the micropillars whose link is oriented along the ? direction. This is equivalent to modifying '′ ( , defined in the inset of Fig. 2d , while keeping the other two couplings ' ( constant 35 . The central panels of Fig. 3 show the spectra of four different lattices with decreasing strain parameters 4 ≡ '′ ( ' ( ⁄ . The value of 4 is extracted from the fit of the tight-binding model (white lines) to the experimental dispersions. Let us first focus on the type-I Dirac cones in the central region (orange rectangle). The left panels depict the calculated dispersion around obtained from the tight-binding model. Decreasing beta, that is, emulating the stretching of the lattice, brings the Dirac cones closer together in the @ direction ( Fig. 3a-b) until they merge at 4 0.5 in a single band touching (Fig. 3c ). For 4 < 0.5 a gap is opened ( Fig. 3d and Supplementary Fig. S4 ). This is a topological Lifshitz transition in which two Dirac cones with opposite topological charge merge and annihilate, predicted for standard s-band graphene 4, 36 and reported in photonic 7, 8 and atomic 5, 6 honeycomb lattices and in black phosphorus 9 . At the merging point (4 = 0.5, Fig. 3c ), we provide the direct observation of a semi-Dirac dispersion, with the touching of two parabolic bands along the * direction and a linear dispersion along * (shown in the left inset of Fig. 3c ).
The Dirac points that we have just analysed do not present any tilt: = = 0 for any value of the strain. Tilted Dirac cones become apparent when analysing the evolution of the touching between the quadratic and flat bands (green dashed square in Fig. 3a ) as a function of strain. For decreasing values of 4, the flat band evolves into a dispersive band with negative effective mass at the Γ point, and the band touching divides into two Dirac points that move away from each other in the * direction 37 ( Fig. 3b-e) . Remarkably, they are tilted as indicated by the angle bisector in green dashed lines in 
Engineering type-III Dirac cones
Critically tilted type-III Dirac cones with = ⁄ + ⁄ = 1 can be engineered in our system when instead of expanding the lattice (4 < 1), it is compressed (4 > 1). This is shown in Fig. 4 for 4 = 1.5: in the direction * (Fig. 4c ), parallel to that along which $′ is reduced, two new Dirac points emerge from the flat-parabolic band touching. As a reference, Fig. 4a shows the case of 4 = 1 along * . The most striking feature of the new Dirac points is that they show the crossing of a flat band with zero group velocity and a linear band with finite group velocity (see Fig. 4c , dashed rectangle). This is precisely the signature of a type-III Dirac cone, and it implies = − . 
Topological invariants of tilted and type-III Dirac cones
The emergence of unconventional Dirac cones when applying a uniaxial deformation to the orbital lattice can be understood from topological arguments. The analysis of the topological charge associated to each cone, that is, the winding of the Hamiltonian around each Dirac point, provides a clear picture of their birth and evolution. The vicinity of the band touching point around the Γ point for 4 = 1 can be described by an effective 2 2 Hamiltonian obtained from the projection of the full 4 4 Hamiltonian on the subspace of the two lowest energy bands 38 , resulting in the following effective Hamiltonian:
Matrix elements coupling the high and low energy manifolds are treated in a second order perturbation theory 38 . In this form, the winding of L can be calculated as a winding vector , and the integral is performed along a closed line in momentum space that encircles the band touching point (see Supplementary Information) . The modulus of M is always an integer, thus providing a topological charge to the touching point, and it has a value R = 2 in this case. We can extend this analysis to the emerging Dirac cones when 4 ≠ 1. Following the same procedure, the tight-binding Hamiltonian can be reduced to an effective 2 × 2 matrix close to the considered Dirac cone. For 4 < 1, the energy of the Dirac cones in the lower part of the spectrum is U = − O V3 + 64 ' ( . Taking U as the origin of energies, the effective Hamiltonian near a Dirac point reads: To compute the winding of the Dirac cones, Hamiltonians 3 and 4 can be rearranged similarly to the rightmost hand side of Eq. 2, with a term in the form L ⋅ . For 4 < 1 (Hamiltonian 3), the winding of L around each of the Dirac cones is R = 1, as indicated in the right panels of Fig. 3 . This is also the case for the type-III Dirac cones for 4 > 1 (winding of Hamiltonian 4). A prominent feature of these Hamiltonians is that the vector L winds on a plane that depends on the deformation 4, namely on the plane i , e for 4 < 1, and k , for 4 > 1 (see Supplementary Information).
The analysis of the windings sheds light on the mechanisms behind the creation of Dirac cones starting from a flat band touching a dispersive band. The single band touching at 4 = 1 is described by a winding R = 2. When 4 ≶ 1 the band touching evolves into a pair of Dirac cones (tilted or type-III) with winding R = 1. This is an illustration of one of the two possible scenarios for Dirac merging in two dimension, characteristic of, for example, bilayer graphene 37 . Remarkably, the orbital p-bands show the two possible universal scenarios for the merging of Dirac cones in two dimensions 39 : (i) two Dirac cones with R = 1 emerge from a point with R = 2, observed in the lower part of the spectra of Fig. 3; (ii) two Dirac cones with opposite winding R = ±1 merge in a semi-Dirac cone with R = 0, reported in the central part of the spectra in Fig. 3 (a 2 × 2 effective Hamiltonian analysis can also be done for the Dirac points at ).
The photonic realisation here reported demonstrates the flexibility of orbital bands to implement unconventional Dirac points. This is an asset for the engineering of photonic materials that combine different types of Dirac dispersions, an promising configuration for the study of analogue black holes in photonics 21, 40 . Moreover, our experiments provide a recipe for the implementation of Dirac cones in solid state materials: the touching of a flat and a dispersive band with winding R = 2 evolves into two Dirac cones in the presence of strain. This behaviour has been predicted for other lattice geometries 36 , and it presents a natural playground to investigate the transition between different topological phases when particle interactions are present 41, 42 or when time reversal symmetry is broken. Polaritons are particularly well suited to study these scenarios: thanks to their excitonic component they present significant repulsive interactions in the high density regime 43 and they are sensitive to external magnetic fields, allowing the implementation of quantum Hall phases 44, 45 . Polariton orbital bands of the kind here reported open exciting perspectives for the study of topological lasers 46 and of Dirac superfluids 47 .
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I. -Sample description and experimental set-up ........................................................................... 11 and extraction of m ....................................................................... 13 III. -Gap opening at m = n. op ..................................................................................................... 15 IV. -Tomography of tilted Dirac cones .................................................................................... ⁄ alternating layers of Ga0.05Al0.95As/Ga0.80Al0.20As embed a q 2 ⁄ Ga0.80Al0.20As cavity. q = 775 nm is the emission/absorption wavelength of free excitons of 12 GaAs, 7 nm wide quantum wells grown in groups of four in the three central maxima of the electromagnetic field of the cavity. At 10 K, the temperature of the experiments, the excitonic and photonic resonances are in the strong coupling regime, with a Rabi splitting of 15 meV. The experiments are performed at a photon-exciton detuning of -10 meV (measured at the energy of the lowest energy flat band), except for the data shown in Fig. 3c , for which the detuning is -2 meV.
II.-Tight-binding Hamiltonian
To fabricate the honeycomb lattices, the as-grown planar structure is subject to e-beam lithography and Inductively Coupled Plasma etching down to the GaAs substrate. Each micropillar in the lattice has a diameter of 2.75 µm, and the centre-to-centre distance varies between 2.4 and 2.72 µm, ensuring the overlap between adjacent micropillars. The polariton lifetime measured in a similar unetched microcavity is of the order of 30 ps. In the etched structures, the lateral defects induced during the microfabrication process reduce the lifetime to about 3-5 ps.
Experiments are performed by exciting the centre of each lattice with a continuous wave laser focalised in a spot of 3 µm in diameter (full width at half maximum). The wavelength of the laser is 745 nm (1.6642 eV), corresponding to an energy about 100 meV above the lower polariton s-and p-bands. The laser injects electron and holes that relax down incoherently to form polaritons that populate the lower bands of the lattice. The photons that escape out of the sample conserve the energy and inplane momentum of polaritons in the lattice. The latter is related to the angle of emission following the expression: * ∥ = s <t uvw x , where x is the emission angle measured from the normal to the lattice plane, is the energy of the emitted photon and y is the speed of light in vacuum. Therefore, by resolving the emission in energy and in angle we can measure the polariton dispersion. Figure S1 shows the experimental set-up, in which the Fourier plane of the excitation/collection lens (microscope objective) is imaged on the entrance slit of a spectrometer attached to a CCD. We select the emission linearly polarized along the * direction, parallel to the grooves of the grating in the spectrometer. Similar results were obtained for the perpendicular polarisation.
A single image of the CCD registers the emission energy as a function of * parallel to the entrance slit (as shown in the figure), for a fixed value of * perpendicular to the entrance slit of the spectrometer. By taking images for different lateral positions of lens L2, we can perform a full tomography of the three-dimensional space "energy, * , * ". Post-processing of the data allows displaying energymomentum cuts along any momentum direction or momentum-momentum cuts for a given emission energy. Figure S1 . Experimental setup. Sketch of the experimental set-up employed to measure the momentum and energy resolved photoluminescence. Lenses L1 and L2 image the Fourier plane of the microscope objective on the entrance slit of the spectrometer, resulting in a * vs energy image for a fixed value of * . By moving laterally lens L2 different values of * can be accessed.
II.-Tight-binding Hamiltonian and extraction of m
The coupling of the # , # orbitals in the isotropic honeycomb lattice can be described by a tightbinding Hamiltonian of the form 
where spectrum shows two flat bands at high and low energy that touch two dispersive bands with six Dirac points (only two are non-equivalent). For 4 < 1 the energy U and momentum space coordinates of the low energy emerging Dirac cones are:
while for 4 > 1 they are: IV.-Tomography of tilted Dirac cones Figure 3 of the main text shows the emergence of tilted Dirac cones from the flat band -dispersive band touching when 4 < 1. The tilt is clearly visible in the * direction, resulting in a non-zero value of (as defined in Eq. 1). Figure S4 shows the dispersion across one of the newly created Dirac cones in the * direction for 4 = 0.5. The white solid lines depict the eigenvalues calculated by diagonalising Hamiltonian E2. As it is apparent from the measured spectra and the tight-binding bands, the newly created cones are not tilted along the * direction, resulting in oe 0. 
Note that the fact that C C = C C (with opposite sign: ; ) for 4 > 1 is the signature of the type-III Dirac cone, and it results in a flat band along the * direction. 
VI.-Hamiltonian reduction and winding around the band touching points
The vicinity of touching point between two bands can be described by an effective 2 2 Hamiltonian obtained from the projection of the full 4 4 Hamiltonian on the subspace of the two lowest energy bands 3 . The reduced Hamiltonian can be expressed in the generic form:
where is the 2 2 identity matrix and , , ⋅ , with , unit vectors and = , , is the vector of Pauli matrices. Without loss of generality and for simplicity, we consider the case of ⋅ = 0, which implies • , ž 0.
The winding vector of this Hamiltonian around the band touching point is 
and it is characterized by the winding vector M = +2 h .
For 4 < 1, close to the emerging Dirac cone, it reads: If , Z and j are explicitly expressed in terms of 4 we obtain Eqs. E7 and E9, in agreement with the full tight-binding calculation.
The modulus of the winding vector for Hamiltonian E11 is R = 2, while for each of the tilted (4 < 1) and type-III Dirac cones (4 > 1 , the winding is R = 1. As stated in the main text, a prominent feature of these Hamiltonians is that vector L winds on a plane whose orientation depends on the deformation 4. Namely, for 4 < 1 the pseudo-field L resides on the plane i , e and the winding vector points in the direction as a function of 4. As each of the two emergent Diract cones is described by an angle Z of opposite sign, the winding plane turns in opposite directions for each Dirac cone when 4 goes to zero. This is illustrated by the red and blue circles in Fig. S6 , which show, respectively, the winding plane of each of the two Dirac cones.
For 4 > 1, the vector L resides on the plane k , h and the winding vector points in the direction M |M| sin j , cos j, 0 . Note that at 4 = 2 (bottom-right panel in Fig. S6 ), the two emergent Dirac cones are described by a winding vector residing in the same plane but pointing in opposite directions. Therefore, the winding around each Dirac cone has opposite sign: R = +1 and R = −1. At 4 = 2, the Dirac cones merge at the M-point and annihilate, and a gap opens for 4 > 2. This situation is shown in Fig. S7 , and it could not be observed experimentally because the engineered hoppings in the designed structure were limited to 4 = 1.5. This kind of merging preceded by a rotation of the winding plane has been recently discussed in detail in the context of the Mielke lattice under strain 4 .
